Ages were determined at two hominid localities from the Chad Basin in the Djurab Desert (Northern Chad). In the Koro Toro fossiliferous area, KT 12 locality (16°00N, 18°53E) was the site of discovery of Australopithecus bahrelghazali (Abel) and in the Toros-Menalla fossiliferous area, TM 266 locality (16°15N, 17°29E) was the site of discovery of Sahelanthropus tchadensis (Toumaï). At both localities, the evolutive degree of the associated fossil mammal assemblages allowed a biochronological estimation of the hominid remains: early Pliocene (3-3.5 Ma) at KT 12 and late Miocene (Ϸ7 Ma) at TM 266. Atmospheric 10 Be, a cosmogenic nuclide, was used to quasicontinuously date these sedimentary units. The authigenic 10 Be/ 9 Be dating of a pelite relic within the sedimentary level containing Abel yields an age of 3.58 ؎ 0.27 Ma that points to the contemporaneity of Australopithecus bahrelghazali (Abel) with Australopithecus afarensis (Lucy). The 28 10 Be/ 9 Be ages obtained within the anthracotheriid unit containing Toumaï bracket, by absolute dating, the age of Sahelanthropus tchadensis to lie between 6.8 and 7.2 Ma. This chronological constraint is an important cornerstone both for establishing the earliest stages of hominid evolution and for new calibrations of the molecular clock.
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beryllium-10 ͉ absolute dating ͉ hominid site ͉ Abel ͉ Toumaï W e determined authigenic 10 Be/ 9 Be ages at two hominid localities in the Chad Basin (Djurab Desert of northern Chad). The focus of this study was the Toros-Menalla (TM) fossiliferous area, where Sahelanthropus tchadensis (Toumaï) was unearthed. Localities investigated in this area include TM 266 and TM 254 (Fig. 1) . The Kollé (KL), Kossom Bougoudi (KB), and Koro Toro (KT) fossiliferous areas were specifically studied to calibrate the authigenic 10 Be/ 9 Be dating method by direct comparison with biochronological estimations of co-located mammalian assemblages. Fossiliferous localities investigated in these areas were KL, KB 1, and KT 12 ( Fig. 2) . KT 12 (16°00ЈN, 18°53ЈE) is the site of Australopithecus bahrelghazali (Abel).
Discoveries at the TM 266 locality (16°15ЈN, 17°29ЈE) in the Toros-Menalla fossiliferous area in northern Chad of notably a nearly complete cranium, holotype of Sahelanthropus tchadensis (Toumaï) (1, 2) have changed substantially the understanding of early human evolution in Africa (1-4). The sedimentary unit from which Toumaï was unearthed was named the anthracotheriid unit (A.U.) after a very common, large anthracotheriid, Libycosaurus petrochii (5) that it contained. The A.U. also contains a mammalian fauna that includes taxa that are more primitive than the Lukeino fauna [Kenya, dating from 6 Ma ago (6) ] and similar to the fauna from the lower Nawata Formation of Lothagam [Kenya, 6.5-7.4 Ma ago (7)]. Recent investigations conducted at another locality, TM 254, Ϸ18 km west of the Sahelanthropus tchadensis TM 266 locality, reveal the presence of a 30-cm thick gray-blue ash tuff layer exclusively made up of volcanic ash. This ash tuff layer, a potential target for 40 Ar/ 39 Ar dating, is not exposed at TM 266; therefore, 20 intermediate geological sections between TM 266 and TM 254 have been documented to determine its stratigraphic position within the A.U. The sections are uniform in facies across the transect. The base of the mapped sections consists of a well developed, thick, aeolian facies (8) . The middle part (e.g., the A.U.) is composed of poorly cemented sand and argillaceous sandstone alternation characterized by dense networks of root tubules/root molds (palaeosols) and termite nests (9, 10) . The top records extensive lacustrine facies (Fig. 1) . Geological correlations between TM 266 and TM 254 are firmly supported by the same continuity of stratigraphy between the sites, reflecting a similar environment and climate change history (5) . The uniform stratigraphy at the TM localities allowed us to use absolute ages from both TM 266, where Toumaï was discovered, and TM 254 to assign an age to Toumaï. It was hoped that the tephra layer would contain material datable by the 40 Ar/ 39 Ar method, but petrographic study demonstrated that this is not the case by using currently available techniques. The glass shards present were very small (Ͻ1 mm), contained many fluid inclusions (mainly gas bubbles that may contain 36 Cl), and their surfaces were covered with K-rich micas. All of these properties precluded their suitability for 40 Ar/ 39 Ar dating. Being unable to apply 40 Ar/ 39 Ar dating, we explored the possibility that the depositional environment may be favorable for the application of cosmogenic 10 Be produced in the atmosphere to quascontinuously date the A.U. To this end, 32 10 Be/ 9 Be ages within the A.U. and the overlying lacustrine facies were determined. 10 Be/ 9 Be Dating Method The dating method used here is similar in many ways to 14 C dating. Like 14 C, 10 Be is mainly produced in the atmosphere, but through spallation reactions on oxygen (O) and nitrogen (N) rather than via a (neutron, proton) reaction on 14 N as is the case for 14 C. The particle-reactive 10 Be adsorbs on aerosols and is rapidly transferred to the surface of the Earth in soluble form by precipitation (11) . If deposited in an aqueous environment, 10 Be is ultimately removed from water on settling particles and deposited in marine and lacustrine sediments. If deposited in a continental setting, 10 Be associates with continental particles, where it decays with a half-life of Ϸ1.4 million years. This opens up the possibility to date sedimentary deposits in the range of 0.2 to 14 Ma.
Fundamentals of the
Much as is the case with 14 C and its daughter 14 N, it is not possible to determine an age by measuring the ratio between the parent isotope, 10 Be, and its daughter product, radiogenic 10 B, which is undistinguishable from common boron. This is unlike most other (The circle on the localization map indicates the studied area; red numbers, number of the sample in Table 2 .) The Toumaï cranium is precisely located in the TM 266 section.
radiochronological methods (U-Th, Rb-Sr, Sm-Nd, K-Ar, Lu-Hf, Re-Os, etc.) that rely on parent-daughter ratios to determine ages. In addition, because the absolute 10 Be concentration depends also on parameters such as the scavenging efficiency and the specific surface area of the sedimentary particles, it cannot be used directly to determine an age. It is first necessary to find some method of normalizing 10 Be concentrations that accounts for these processes. Stable 9 Be is a good candidate for such a normalizing species. Although 10 Be and stable 9 Be have different sources [ 10 Be is from cosmogenic production in the atmosphere, and 9 Be is from detrital input, of which a small fraction is dissolved (12, 13)], it has been shown that, in suitable instances, the dissolved beryllium isotopes are homogenized before deposition and that their ratio is a useful chronologic tool. To use 9 Be as a normalizing species for the decay of 10 Be, a method is needed to extract only that portion of the beryllium that originated from solution, i.e., the authigenic Be that is adsorbed on particles and/or precipitated directly from solution. Sequential leaching procedures have been developed to selectively extract this authigenic component for dating purposes (14) . It has effectively been demonstrated in marine systems that the 10 Be/ 9 Be ratio of the resulting leachate represents the 10 Be/ 9 Be ratio of soluble beryllium at the time of deposition (14) .
Focusing on the authigenic component, there are two essential requirements in order that the decay of 10 Be may be used for dating according to the following equation:
Ϫt (where N (t) is the measured 10 Be/ 9 Be authigenic ratio, N 0 is the initial authigenic ratio, is the radioactive decay constant for 10 Be, and t is the age of the sediments). The first is that authigenic ( 10 Be/ 9 Be) 0 can be accurately estimated, and the second is that the selected samples must have remained ''closed'' to entry or loss of the cosmogenic isotope and its normalizing isotope. If these requirements are met, then 10 Be/ 9 Be will decrease with time according to the above equation. This is analogous to the decrease in the 14 C/ 12 C ratio with time in the radiocarbon dating system. C-14 has a universal initial 14 C/ 12 C ratio (15) because it is rapidly oxidized to form gaseous 14 CO 2 and is then globally homogenized with the natural carbon isotopes during its 7 to 8 years residence time in the atmosphere. On the other hand, cosmogenic 10 Be and its normalizing parameter, terrigenous authigenic 9 Be, have different sources. The initial authigenic 10 Be/ 9 Be ratio is, therefore, not expected to be globally homogeneous but may be influenced by the proximity to continental sources of various strength that may influence the flux of 9 Be input to the sampled area. Thus 10 Be/ 9 Be may vary significantly from one environmental context to another. It has been shown that values of authigenic 10 Be/ 9 Be reported for surface marine sediments (14, 16) , for top surfaces (or extrapolated to zero age) of Fe-Mn deposits (17) (18) (19) (20) (21) (22) (23) , for present-day deep waters in the Atlantic, Pacific, Indian Ocean, and Mediterranean Sea central basins and margins (13, (24) (25) (26) (27) (28) (29) (30) mostly range between 0.5 ϫ 10 Ϫ8 to 30 ϫ 10 Ϫ8 and indeed evidence significant spatial variations. Similarly, studies conducted on continental sediments show contrasting initial authigenic 10 Be/ 9 Be ratios that vary, for example, from between 1.55 ϫ 10 Ϫ10 and 9.58 ϫ 10 Ϫ10 in tropical riverine suspended sediments (13) to 3.5 ϫ 10 Ϫ8 on a New Zealand loess-paleosol sequence (31) . Such large variations of the initial continental authigenic 10 Be/ 9 Be ratio can be expected considering that in continental systems, the two major processes affecting the aqueous geochemistry of beryllium are dissolution from rocks and uptake onto particles (13) . The initial authigenic 10 Be/ 9 Be ratio thus depends both on the lithology of the region drained and on the partitioning between solid and aqueous phases. The magnitude of the latter process is tightly linked to the geochemical and the hydrogeological contexts at the time of the sedimentary deposition. To apply the radioactive decay equation described above, it is thus essential to know the regional initial authigenic 10 Be/ 9 Be ratio. The best way to do this is to measure recent samples deposited in an environmental context similar to that in which the sediments of interest have been deposited, that is, in our case, during periods of major lacustrine extension.
Lacustrine diatoms built their silicate frustules from dissolved elements and thus are an ideal substrate for registering the dissolved isotopic ratio of 10 Be/ 9 Be at the time that they were alive. To Table 2 ). The Australopithecus bahrelghazali holotype is precisely located in KT 12 section. establish the regional initial 10 Be/ 9 Be ratio (N 0 ) for the system studied here, we measured selected diatomites deposited in the north part of the basin during the last Holocene expansion of Lake Mega-Chad (32) (Ϸ7 to 4.4 ka BP), obtaining a value of (2.54 Ϯ 0.09) ϫ 10 Ϫ8 (Table 1) .
Although the initial 10 Be/ 9 Be ratio recorded in authigenic Mn deposits is reported to have remained constant to Ϯ 6% over the past Ϸ8 Ma (22), much like the atmospheric 14 C/ 12 C ratio, the initial authigenic 10 Be/ 9 Be ratio is sensitive to variations of the geomagnetic field intensity and the solar activity that effect 14 C and 10 Be production in a similar fashion. To evaluate potential past variations of the initial authigenic 10 Be/ 9 Be ratio, we used a method similar to that developed over several decades to build the 14 C calibration curve, that is we compared the calculated authigenic 10 Be/ 9 Be ages with ages obtained by independent methods.
The authigenic 10 Be/ 9 Be ages were calculated by using the previously determined initial ratio and the recently reevaluated 10 Be half-life of (1.36 Ϯ 0.07) ϫ 10 6 years (33). Weighted mean 10 Be ages were calculated with the inverse-variance weighted mean when more than two samples are considered and with the weighted mean when only two are. This as well as the associated uncertainties is fully discussed in the Materials and Methods section. In this first attempt of calibration in a continental context, the calculated authigenic 10 Be/ 9 Be ages obtained in or close to the fossiliferous levels were compared with the ages estimated by using the evolutive degree of fossil mammal assemblages. This is the sole independent dating method available in the study area which, until now is devoid of volcanic deposits appropriate for isotopic and/or radiogenic dating methods.
Mammal fossil assemblages unearthed from argillaceous sandstone levels at Koro Toro (KT 12) and Kollé (KL) allowed a biochronological estimation of their deposition age of 3-3.5 Ma and 4-5 Ma (3-4, 34) , respectively. The green pelite level sampled at Koro Toro yields an authigenic 10 Be/ 9 Be age of 3.58 Ϯ 0.27 Ma, whereas at Kollé, the sampled siliceous (diatomites and siltites) levels yield a mean age value of 3.96 Ϯ 0.48 Ma (Table 2 and Fig.  2 ). This is remarkably consistent with the mammal faunal age estimations, considering that at Koro Toro, the level sampled for this study is within the level from which the fauna and the Australopithecus bahrelghazali holotype were unearthed, whereas at Kollé, the sampled levels overlay the fossiliferous level.
At Kossom Bougoudi (KB 1), the fauna is older than that from Kollé, with an age close to the Mio-Pliocene boundary that is Ϸ5.3 Ma (5, 35) . The authigenic 10 Be/ 9 Be ages obtained from four samples taken in a green pelite level (Table 2) interbedded within the discussed fossiliferous poorly cemented sandstones yield an inverse-variance weighted mean age of 5.26 Ϯ 0.29 Ma, again remarkably consistent with the biochronological estimation.
The demonstrated systematic strong agreement between the biochronological estimations and the calculated authigenic 10 Be/ 9 Be ages strongly suggests not only that the initial authigenic 10 Be/ 9 Be ratio can be constrained by using appropriate Holocene deposits but also that this ratio remained relatively constant over the studied time period, confirming the conclusion of the work of Ku et al. (22) and suggesting thus that the temporal resolution of the extracted authigenic phases allows smoothing the production rate changes.
In addition, the validity of the calibration of the authigenic 10 Be/ 9 Be ages based on an initial authigenic ratio determined from sediments deposited in Holocene Lake Mega-Chad demonstrates that the sedimentary levels (clays, diatomites, argillites, siltites, and poorly cemented sandstones) deposited in the Chad Basin during wet periods (5) accompanied by major lacustrine extension in an area otherwise characterized by a recurrent desert climate since at least 8 Ma (8) have remained closed to gain or loss of beryllium other than by radioactive decay despite cycles of inundation and desiccation.
Results
Having demonstrated that the two prerequisites necessary to apply the radioactive decay dating method are met in the studied area, we measured authigenic 10 Be/ 9 Be ratio of 32 samples from the TM 254 and TM 266 sections. By using the previously discussed initial ratio and the recently reevaluated 10 Be half-life of (1.36 Ϯ 0.07) ϫ 10 6 years (33), these ratios yielded ages ranging from 5.39 Ϯ 0.92 to 8.67 Ϯ 1.11 Ma. Weighted mean 10 Be ages were then calculated by using an inverse-variance weighted mean. Associated uncertainties are fully discussed in Materials and Methods. More specifically, the TM 254 lacustrine facies yielded a weighted mean authigenic 10 Be/ 9 Be age of 6.26 Ϯ 0.41 Ma (Table 2 and Fig. 1 ). The section of the A.U. above the ash tuff layer at TM 254 yielded a weighted mean authigenic 10 Be/ 9 Be age of 6.88 Ϯ 0.40 Ma, whereas the section of this layer below the ash tuff layer yielded a weighted mean authigenic 10 Be/ 9 Be age of 7.24 Ϯ 0.38 Ma. In section TM 266, ages calculated for the two levels bracketing the Sahelanthropus tchadensis cranium level were 6.83 Ϯ 0.45 Ma for the overlying level and 7.12 Ϯ 0.31 Ma for the underlying level.
Because these data demonstrate that the deposition of the A.U. from which Toumaï was unearthed is synchronous and geologically instantaneous (considering the uncertainties associated to the dating methods) in both TM 266 and TM 254, all of the 28 samples from the A.U. were used to determine the inverse-variance weighted mean age of this sedimentary unit, the associated mean square of weighted deviates being 0.36 (see Materials and Methods). This yields an age of 7.04 Ϯ 0.18 Ma for Sahelanthropus tchadensis.
Discussion
The data presented here demonstrate the accuracy of the measured authigenic 10 Be/ 9 Be ages through comparison with biochronological estimations based on the evolutive degree of fossil mammal lineages. This study shows that in favorable environments atmospheric cosmogenic 10 Be normalized to the dissolved fraction of its stable isotope, 9 Be, can be used as a dating tool for continental sedimentary deposits over the time period 0.2 to Ϸ7 Ma. The arid environment punctuated by wet periods during which a large shallow lake formed both provided Holocene sediments with which to determine the 10 Be/ 9 Be initial and preserved the older sediments in an environment that guaranteed their closed-system behavior. The pelite relic authigenic 10 Be/ 9 Be age within the argillaceous sandstone containing the mandible of Australopithecus bahrelghazali (Abel, KT 12) sampled for calibration purpose indicates that the Koro Toro fossiliferous locality is at least 3.3 Ma old, an age that is in the range of the biochronological estimation by using the mammal evolutive degree (3, 4, 36) . This new absolute dating constraint shows that Australopithecus bahrelghazali (Abel) was contemporaneous with Australopithecus afarensis and more particularly with Lucy from Awash valley, Ethiopia [Ϸ3.18 Ϯ 0.01 Ma (37, 38) ].
The radiochronological data concerning Sahelanthropus tchadensis (Toumaï, TM 266) reported here is an important cornerstone both for establishing the earliest stages of hominid evolution and for new calibrations of the molecular clock. Thus, Sahelanthropus tchadensis testifies that the last divergence between chimps and humans is certainly not much more recent than 8 Ma, which is congruent with Chororapithecus abyssinicus, the new 10-Ma-old Ethiopian paleogorillid (39) . With its mosaic of plesiomorphic and apomorphic characters Sahelanthropus tchadensis, the earliest known hominid (1, 2, 40) , is probably very The height baseline is the base of the TM 266 section. Below each group of samples is shown the mean age value calculated either with the weighed mean ( †) or with the inverse-variance weighed mean ( ‡). KT, Koro Toro; KL, Kollé; KB, Kossom Bougoudi; TM, Toros-Menalla; Argil. sandst., Argillaceous sandstones; MSWD, mean square of weighted deviate; -, not applicable. *A. bahrelghazali. § Sahelanthropus tchadensis.
